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Light-Induced Excited States in H
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We present a nonperturbative, fully correlated calculation of the structure of H in an intense laser
field, based on the high-frequency Floquet theory. We show that, as the intensity increases at
sufficiently high frequencies, the electron affinity manifests a peculiar behavior and can become substan-
tially higher than its field-free value. Besides, H acquires excited states, some of which are doubly ex-
cited and nonautodetaching. At high intensities H undergoes stabilization, similarly to the H atom.

PACS numbers: 32.80.Rm

The behavior of several-electron atoms in intense laser
fields, when electron correlation and nonperturbative field
eA'ects are comparable in magnitude, is a formidable
problem in its incipient stages of solution [I]. In the
field-free case, H has been used as a test case for the
ability of quantum mechanical methods to describe elec-
tron correlation because, besides its simplicity, it involves
correlation to the highest degree [2]. Indeed, as H has
only one bound state in the manifold 'Ss (L =0, S=O,
even parity) [3], with the small electron affinity J
=0.0227 a.u.=0.751 eV, a highly correlated eigenfunc-
tion is needed to describe it.

We now study the behavior of H in intense fields as a
test case for the competition between electron correlation
and nonperturbative field eff'ects. We apply the high-
frequency theory of laser-atom interactions [4] with full
electron correlation included. For hydrogen in a linearly
polarized field and at large values of the parameters m

and an=1'I to, where co and I are the frequency and
intensity [5], the theory has revealed the existence of os-
cillating dichotomous electron states [4,6]. The generali-
zation of the theory to two-electron atoms has led Mittle-
man [7] to conclude that H also has a dichotomy
(large-an) limit, its total energy being twice that of H un-
der the same conditions. It was then shown by Gavrila
and Shertzer [8] that in this limit H exhibits excited
states, some of them corresponding to two-electron exci-
tations. These results do not indicate, however, how this
limiting situation is reached, or how the electron correla-
tion varies in the process. As opposed to Refs. [7] and
[8], we are interested here in moderate values of an
(ao(45). No results have been published yet on the
multiphoton ionization of H in the superintense regime.

To carry out our study we start from the space-trans-
lated form of the Schrodinger equation for a two-electron
atom in a linearly polarized field of vector potential
A = —aesinrot [4,9]:

[——,
' (hi+42)+ V(ri+a(t))+ V(r2+a(t))+ I/ri2j+

the stationary approach used in the one-electron case [4]
it can be shown [8] that Eq. (1) is equivalent to a system
of coupled equations for the Floquet components of +.
At suSciently high frequencies co this system reduces ap-
proximately to the following equation for the structure of
the two-electron atom:

[—2 (6 i +A2) + Vo(ri, ap) + Vp(r2 QQ) + 1/r i 2j@= WN .

Here, Vo is the "dressed" Coulomb potential, which can
be viewed as the potential generated by smearing out the
proton charge on the line extending between ~ aoe, with
a higher concentration near the end points (see [4,6]).
Equation (2) has obviously real eigenvalues W(an) that
do not depend explicitly on co. For the n-photon ioniza-
tion amplitudes one finds

f (r) = (1/tr)(@, i „„IV leo) (3)

where V„ is a transition operator. Both the initial and
final state wave functions +0 and @„k„are symmetrized
solutions of Eq. (2), the former being a bound state solu-
tion, the latter a continuum solution corresponding to an
ejected electron of momentum k„and a residual atom in
state y.

We are primarily interested here in the structure of
H in intense fields. Because of the axial symmetry of
Vp, the eigenfunctions of Eq. (2) can be grouped into
manifolds characterized by A, the absolute value of the
total magnetic quantum number with respect to the field
axis, by the parity P (g or u), and by the total spin S;
hence the notation +'Ap for the manifolds, and

+'IV&J (ao) for the energies they contain, with j a label-
ing index. This is quite similar to the way H2 is described
in the absence of a field.

The calculation of the eigenvalues of Eq. (2) was car-
ried out in prolate spheroidal coordinates g, rl, p [10],cen-
tered on the end points ~ aoe. A two-electron basis set
was introduced in the form of (appropriately sym-
metrized) products of one-electron basis functions such as

where V= —1/r and a(t) =aoecosrot [5]. By extending where p, q, m are positive integers. The resulting energy
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FIG. l. Negative of the detachment energies of the ground
state (A), and the lowest-lying light-induced states (B-E) of
the 'Xz manifold of H as a function of ap=I' co, where I is
the intensity and ro the frequency. (All quantities are in a.u. )
The lowest state of the Z„manifold, b Z„, is also represented.
Note the avoided crossing of the D and E curves around ap =39.
E is a doubly excited state for ap & 39, and this configuration is
transferred to D for ap) 39.
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matrix was diagonalized, and convergence obtained by in-
cluding up to 100 basis functions [11]. We estimate that
our eigenvalues W(ap) are calculated with a relative ac-
curacy of better than 5x10 ", and the electron aSnity
(see below) to better than 1%.

We present our numerical results for the detachment
energies of H in Fig. 1. We define the detachment en-

ergy of a state by +'DAJ(ap) =E(ap) — +'W'AJ(ap),
where E(ap) is the ground state energy of H in the field.
For the ground state the detachment energy coincides
with the field dependent electron affinity, J(ap). We re-
call that ~E(ap)~ is a rapidly decreasing function of ap,
see Tables I of Refs. [6(a)] and [6(b)]. With the excep-
tion of one state, represented by curve b, we show in Fig.
1 only states (A-E) that belong to the 'Zs manifold.
The behavior of the ground state 2 'Z~, the only one to
exist for small ao, is rather peculiar. As ao increases
from 0, the electron affinity decreases from its field-free
value of 0.75 eV to a minimum value of 0.6 eV, around
a0=2.5. As ao increases further, the aftinity increases to
an absolute maximum of 1.1 eV, around ap=17, and
thereafter decreases slowly. At up=45, the largest value
we have considered, J(ap) =0.817 eV, is still larger than
the field-free value, whereas ~E(ap)

~
has reduced to 0.044

a.u.=1.2 eV. This clearly illustrates how drastically the
nonperturbative field effects occurring at ao ) 1 can
modify the electron correlation. The importance of the
latter decreases as ao increases further and the problem
reduces to one with two independent electrons.

Remarkable, however, is the appearance of light
induced excited states (states 8-E of Fig. 1). After

becoming bound at some value of ao, their detachment
energy increases to a maximum, and then decreases after-
wards. Note that the first light-induced excited state to
appear, for ao just above 3.50, belongs to the Z„mani-
fold; see curve b (F. or ap=3. 55 its detachment energy is

at least 10 meV. ) Curve b merges with curve A (just
above ap=10) because of single-triplet coalescence [12].

We would like to point out that light-induced excited
states have been signaled before in one-dimensional short
range potential models by Bhatt, Piraux, and Burnett, by
Bardsley, Szoke, and Comella, and by Yao and Chu
[13,14], and for hydrogen by Dorr, Potvliege, Proulx, and
Shakeshaft [15]. In the present two-electron case their
appearance is due to a different mechanism, namely, the
interplay of nonperturbative field effects and electron
correlation.

By comparing the shape and the nodal structure of the
eigenfunctions of Eq. (2) with approximate wave func-
tions we have obtained from an independent-electron cal-
culation, it was possible to assign configurations to each
of the states in Fig. 1 [16]. At ap= 30 the resemblance
of the wave functions was so good as to leave no doubt
about the assignment. In this way (B,C)'Zs and b Z„
could be identified as singly excited states. For ap & 39
the state D 'X~ is a singly excited state, too, whereas F. 'X~
is a doubly excited state [12]. This is a nonautodetach
ing doubly excited state, subject to multiphoton ionization
only, just like the other states [11]. However, curves D
and E collide in the ap interval 39.0+ 0.5. Although
symmetry considerations require that the crossing should
be avoided, the two curves come so close together that we
could not tell them apart at co=39 within the accuracy
of our calculation. We have checked that the shape of
the eigenfunctions for the two states is transferred diabat-
ically at the crossing, from one curve to the other; i.e., the
doubly excited configuration is transferred to the state
D 'Zz and the singly excited one to the state E Zg.

In Fig. 2 we illustrate the molecular character of the
eigenstates @p(ri,r2), and the electron correlation arising
from it. We consider specifically the light-induced excit-
ed state C'Zs at ap 30, and represent the (unnormal-
ized) two-electron probability density ~@p(ri, r2)~ as a
function of r2, when r~ is fixed at various points
ri = —Rape (0&)i, & 1), situated on the line of charges.
Since, under the circumstances, )@p~ is axially sym-
metric with respect to r2 around the line of charge taken
as the z axis, it is sufhcient to represent it in an arbitrary
plane passing through this axis. As apparent the proba-
bility density has sizable values over a linear extension
along the z axis of about 2a0=60; i.e., the atom can be-
come extremely spread out. When r& moves in from the
end point —ape (k =1) towards the origin (k =0), there
is a drastic change in the shape of ~@p~, as it tends to be
pushed away from the vicinity of r& by the electron-
electron repulsion.

The wave functions +(ri, r2) and @p(ri, r2) considered
are solutions of Eqs. (1) and (2), respectively. To leading
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FIG. 2. Unnormalized probability density I+o(r!,rz) I at ao=30 for the state Q'Zg as a function of r2, when r! is yxed at various

points r!(0,0, —
A.ao) on the z axis taken along the "line of charge. " Because of the axial symmetry, it is su(facien to represent

I+o(r!,rz)l' i» Plane Passing through this axis. The Plots corresPond to (a) g=], (b) /=0875 (c) /=075 (d) $=05P (e)
K=0.375, and (f) A. 0. The normalized Probability density is obtained by multiPlication with 3.475x 1() " All quantities are in

a.u.

order +=+oexp( —iWt). The wave function for the lab-
oratory reference frame (in the momentum gauge) is

given by

yL(rI, r2, t) =+(r!—a(t), r2 —a(t), t)

see Ref. [4]. It oscillates harmonically with amplitude
ao, and so do the probability densities derived from it.

We briefly address the question of the stability of H
under the circumstances described above. At low intensi-
ties the (dominant) n= 1 amplitude given by Eq. (3)
coincides with the known, many times calculated expres-
sion of the photodetachment amplitude; e.g. , see [17]. At
high intensities, in the dichotomy regime, the n-photon
ionization rates of H, I „,derived from Eq. (3), be-
come the double of those of H under the same conditions,

r„: r„'-'=2I"„. This shows that the lifetime of H is

half that of H [8]. Consequently, just like H, H too un-

dergoes the phenomenon of (adiabatic) "stabilization, "
by which when increasing the intensity the lifetime in-
creases (for H, see Refs. [4, 14,18-20]). On the whole,

H appears to be about as stable as H at the same inten-

sity and (suSciently high) frequency. Stabilization has

been shown to occur also in one-dimensional models of
H, although not under the circumstances described here

(see Ref. [1(h)], p. 1607, and Ref. [8] of that paper).
We conclude by noting that the behavior of the ground

state of H (level shift, ionization pattern) should be

amenable to experimental verification [21]. The detec-
tion of the light-induced excited states, on the other hand,

is likely to be quite challenging, although various pro-
cedures can be imagined [22].
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